In recent years it has been shown that vitamin D deficiency is associated with an increased incidence as well as the progression of a broad range of diseases including osteoporosis, rickets, cardiovascular disease, autoimmune disease, multiple sclerosis and cancer. 
Introduction
Vitamin D deficiency is a common problem in numerous populations worldwide [1] . Besides its role in calcium and phosphate metabolism, recent studies have provided evidence for a role of vitamin D in vascular, inflammatory, neoplastic and neurodegenerative diseases [2] . The growing awareness in the medical community that vitamin D deficiency affects large parts of the population and that the consequent health effects go far beyond bone loss and osteoporosis have triggered an exponential increase in vitamin D testing [3] .
Current guidelines from scientific bodies around the globe recommend the measurement of 25-hydroxy vitamin D (25-OHD) in blood as the preferred test for the assessment of vitamin D status [4, 5] . This recommendation is based on numerous studies that have demonstrated significant associations of 25-OHD with biochemical, functional and clinical indices, such as parathyroid hormone (PTH), neuromuscular function, bone mineral density (BMD) and fracture risk [6] [7] [8] [9] . However, closer examination of the data from these studies reveals that many of these relationships are not as strong as one might expect and are not consistent across different populations. For example, African Americans have lower 25-OHD concentrations than their White counterparts, but have significantly lower rates of osteoporotic fracture [10, 11] . Furthermore, individuals with a low 25-OHD may have normal PTH [12] . With our current understanding of vitamin D metabolism we are not able to explain such observations and one may ask if 25-OHD is really the best marker of vitamin D status. A number of recent studies have provided new insights in physiological and analytical aspects of vitamin D. Here we aim to review existing knowledge regarding biochemistry, physiology and measurement of vitamin D.
Vitamin D metabolism
Vitamin D refers to a group of fat-soluble secosteroids that are derived from cholesterol. Secosteroids are characterized by a broken bond in one of the steroid rings. To date, more than 50 different vitamin D metabolites with variable biological activity have been described [13] . The two major forms of the vitamin are D3 (cholecalciferol) and D2 (ergocalciferol), which differ in the structure of their side chains. The side chain of vitamin D2 differs from that of vitamin D3 by the presence of a double-bond between carbons 22 and 23 and a methyl group on carbon 24 [14] . Vitamin D3 is the form of the vitamin synthesized by humans. Both vitamin D3 and D2 may be obtained in small amounts from the diet, or in more significant quantities from fortified foods or vitamin supplements [15] .
Vitamin D metabolism is a complex process involving the action of UV radiation and hydroxylation steps in both synthesis and catabolism. The predominant source of vitamin D in humans is production in the skin by synthesis from 7-dehydrocholesterol through the action of UV light. 7-Dehydrocholesterol, also referred to as provitamin D, is an intermediate in the cholesterol synthetic pathway, formed by the penultimate step of cholesterol biosynthesis. Cholesterol is essential for maintenance of the epidermal barrier function, and also has a role in the regulation of epidermal differentiation and desquamation [16, 17] . The epidermis is therefore an active site of de novo cholesterol synthesis, which provides a ready source of 7-dehydrocholesterol [18] . 7-Dehydrocholesterol is present in the plasma membrane of cells in both the dermis and epidermis [19] , with the highest concentrations in the cells of the stratum basale and stratum spinosum layers of the epidermis [20] .
Synthesis of vitamin D in the skin commences when 7-dehydrocholesterol absorbs UVB radiation with a wavelength between 290 and 315 nm. Absorption of this energy breaks the bond between carbons 9 and 10 to form an unstable 9, 10 seco-steroid, known as previtamin D3 [21] . The removal of this bond allows previtamin D3 to spontaneously rotate around the bond between carbons 5 and 6, which forms a more thermodynamically stable isomer, vitamin D3. The molecular interactions of the previtamin D3 with the lipid bilayer of the cell membrane helps to hold the previtamin D3 in a conformation (s-cis, s-cis) that facilitates this isomerization process, which has a half-life in vivo of 2.5 h [21, 22] . The isomerization process interrupts the hydrophobic and hydrophilic interactions that hold the molecule within the cell membrane and isomerization therefore expels the vitamin D3 into the interstitial fluid [23] . The presence of vitamin D binding protein (DBP) in the capillaries of the dermis maintains a concentration gradient of free vitamin D that favors the movement of vitamin D from the interstitial fluid into the circulation [24] .
Although UV radiation is essential for vitamin D synthesis, it may also be responsible for its inactivation. If either previtamin D or vitamin D are exposed to further UV radiation before they reach the circulation, they are converted into biologically inactive species. The action of UV light on previtamin D3 produces the photodegradation products lumisterol3 and tachysterol3, while vitamin D is inactivated into 5,6-trans-vitamin D3, suprasterol 1 or suprasterol 2 [25] . These UV degradation processes reach significant activity with prolonged UV exposure times and, therefore, provide a mechanism preventing vitamin D toxicity under these circumstances [26] . A single episode of UV exposure may convert as much as 15% of the 7-dehydrocholesterol present in the skin into previtamin D3; however, once this threshold is reached additional previtamin D3 is not produced, rather there is increased production of luminsterol and tachysterol [26] .
Vitamin D may also be obtained directly from the diet. Fatty fish, fish liver oil and egg yolk naturally contain the highest concentrations of vitamin D [27] . In some regions, the fortification of food, such as milk and margarine, may also contribute significantly to dietary vitamin D intake [15] . Variation exists in the amount of vitamin D obtained from the diet both between and within populations; however, in Western populations dietary sources generally represent only 10%-20% of total vitamin D intake [28, 29] .
Two hydroxylation reactions are required to convert vitamin D into a biologically active form ( Figure 1 ). The first hydroxylation occurs on the carbon 25 and is primarily performed by the cytochrome P450 enzyme CYP2R1, although other P450 enzymes are capable of catalyzing this hydroxylation, including CYP27A1, CYP3A4 and CYP2D5 [30] [31] [32] . The 25-OHD thus produced may then undergo hydroxylation at the one carbon position in the proximal tubules of the kidney under the action of the cytochrome P450 enzyme CYP27B1. It has been found that 1-hydroxylation also occurs in many extra-renal tissues, including bone, placenta, prostate, keratinocytes, macrophages, T-lymphocytes, epithelial cells of the colon, islet cells of the pancreas and several cancer cells (including those from lung, prostate and skin) as well as cells of adrenal medulla, cerebral and cerebellar cortex [32, 33] . It appears that the 1,25-(OH) 2 D produced by extra-renal tissues acts locally as an autocrine or paracrine signaling molecule as does not contribute significantly to circulating 1,25-(OH) 2 D concentrations [34] .
Vitamin D2
Vitamin D2 (ergocalciferol) may be synthesized in plants and fungi by the action of UV light on ergosterol [14] . A small amount of vitamin D2 may be obtained from a natural diet. Wild-grown mushrooms are particularly rich sources of vitamin D2. In contrast, cultivated mushrooms contain little vitamin D2; but levels do increase if they are exposed to UV light during processing [35] . Vitamin D2 may be synthesized for use in supplements by exposing ergosterol in yeast to UV radiation.
Vitamin D2 undergoes identical activation steps to vitamin D3, which are mediated by the same enzymes. Therefore, in subjects regularly taking vitamin D2-containing supplements, a significant proportion, or even the majority, of the total circulating 25-OHD and 1,25-(OH) 2 D is in the D2 form [36] . Supplementation with vitamin D2 has generally been considered equivalent to vitamin D3 supplementation; however, variations in vitamin D2's metabolic properties and binding affinity for DBP may mean that it is less effective in increasing systemic 25-OHD levels [37, 38] . [39, 40] . However, the affinity of 3-epi-25-OHD 3 and 3-epi-1,25-(OH) 2 D 3 to both proteins is significantly lower compared to the respective non-epimeric form [15] . While 3-epi-1,25-OH-D effectively suppresses PTH, it has significantly reduced calcemic effects [39, 40] . The presence of a significant amount of C3-epimer was first reported in children under 1 year of age, where it represented an average of 23% of the total 25-OHD [39, 40] . In our own subsequent study, we demonstrated that 3-epi-25-OHD 3 is detectable ( > 5 nmol/L) in 41% of samples from healthy adults. Another study using an LC-MS/MS method with a lower limit of quantification detected 3-epi-25OHD 3 ( > 2.5 nmol/L) in 99% of healthy subjects with an age range from neonates to > 80 years [40] . However, the observed range of 3-epi-25-OHD 3 concentrations was very wide (2.5-59.3 nmol/L). 3-epi-25-OHD 3 concentrations correlate with 25-OHD 3 concentrations in a non-linear fashion: a greater amount of 3-epimer is seen at higher 25-OHD 3 concentrations. Cross-reactivity of C3-epimer-25-OHD 3 has been suggested as a potential source of interference in total 25-OHD immunoassays. However, Farrell et al. demonstrated that C3-epimer-25-OHD 3 is a minor contributor to inaccuracies in these assays. Other metabolites, such as 25-OHD 2 seem to have a much greater impact on total 25-OHD measurement [41] .
25-OHD
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Vitamin D binding protein
Transport of the various vitamin D species in serum is provided by a specific protein, DBP. DBP is structurally related to albumin (ALB) and binds all naturally occurring, as well as synthetic, vitamin D species at a single cleft-like binding site [42] . DBP provides a high-affinity, high-capacity binding protein for vitamin D species, carrying 95%-99% of the total 25-OHD, with the remainder circulating in association with ALB and lipoproteins via weak, non-specific binding [43] . DBP has highest affinity for 25-OHD, 24,25-OH 2 D and 25,26-OH 2 D. Its affinity for 1,25-(OH) 2 D is about 10-to 100-fold lower than these species, while its affinity for the parent vitamin D molecule is lower still [43] . Vitamin D2 metabolites bind similarly but slightly less well to DBP than their D3 counterparts [43] .
Vitamin D catabolism
Similar to vitamin D activation, the catabolism of vitamin D largely occurs via hydroxylation in the kidney. The primary catabolic pathway in humans commences with 24-hydroxylation and culminates in the formation of calcitroic acid, which is excreted in the bile. The mitochondrial P450 enzyme, CYP24A1, catalyzes the first step, and possibly some subsequent steps, of this pathway [44] . The preferred substrate for CYP24A1 is1,25-(OH) 2 D, but the enzyme is also active in metabolising 25-OHD to 24,25-(OH) 2 D [45, 46] . 24,25-(OH) 2 D has been measured in the circulation at concentrations up to 10 ng/mL and, although it is a catabolic metabolite, it may have some biological activity, such as in modulating growth plate chondrocyte physiology and parathyroid gland function [46, 47] .
A number of minor catabolic pathways for vitamin D also exist, some producing intermediates with biological activity. In some instances, CYP24A1 enzyme activity may catalyze hydroxylation on carbon 23 rather than carbon 24 as the first catabolic step. In humans, this occurs at about 10% of the rate of 24-hydroxylation [44] . An initial 23-hydroxylation marks the vitamin D molecule for metabolism via a pathway which culminates in the production of 1,25-(OH) 2 D-26,23-lactone. In addition, human CYP24A1 is able to catabolize vitamin D2 species through a series of hydroxylation reactions, including at carbons 24, 26 and 28, as well as direct cleavage of the bond between carbons 24 and 25 [48] .
Maintenance of homeostasis
The crucial control point in vitamin D homeostasis is the renal production of 1,25-(OH) 2 D via 1α-hydroxylase. A number of factors act to regulate this step. 1,25-(OH) 2 D acts to decrease its own production through both direct and indirect mechanisms. 1,25-(OH) 2 D acts directly to negatively feedback on the expression of 1α-hydroxylase [49] . 1,25-(OH) 2 D also decreases PTH synthesis [50] . PTH is responsible for increasing 1α-hydroxylase transcription; therefore, the effect of 1,25-(OH) 2 D on PTH provides an indirect mechanism by which 1,25-(OH) 2 D down-regulates its production [49] . Rising concentrations of 1,25-(OH) 2 D also increase the expression of the phosphaturic factor, fibroblast growth factor 23 (FGF23) [51] . FGF23 suppresses the expression of 1α-hydroxylase in the kidney, providing another indirect pathway of 1,25-(OH) 2 D acting to downregulate its production [52] . In addition, dietary calcium and phosphate intake influence 1α-hydroxylase activity: increasing intakes reduce 1α-hydroxylase activity [53] .
The expression of the catabolic enzyme CYP24A1 in the kidney provides another control point in vitamin D homeostasis. 1,25-(OH) 2 D and FGF23 cause up-regulation of expression of CYP24A1, while raised PTH and low calcium down-regulate expression [53, 54] .
Several physiological and pathological conditions are related to an individual's vitamin D status. For example, individuals with chronic inflammatory conditions, such as asthma, inflammatory bowel disease or chronic obstructive pulmonary disease, have a higher prevalence of vitamin D deficiency [55] . However, at present it is controversial whether 25-OHD reduces inflammation or whether inflammation reduces 25-OHD concentrations. It is possible that both mechanisms are active and not mutually exclusive: vitamin D may decrease inflammation, while oxidative stress from inflammation may interfere with the metabolism of vitamin D and thus lower 25-OHD [56] . Randomized controlled trials of vitamin D have given inconsistent results. Whereas some studies showed no effect, others reported mixed or beneficial effects. A few studies even reported adverse effects of vitamin D supplementation [56] . However, comparing these studies is difficult as they differ substantially in terms of study population, assessment of inflammation and modalities of vitamin D supplementation.
Another frequent condition that impacts on circulating 25-OHD is pregnancy. Pregnant women are at risk of developing vitamin D deficiency, which in turn is associated with an increased risk of pre-eclampsia, a condition associated with increased maternal and perinatal morbidity and mortality [57] . However, the cause of vitamin D deficiency in pregnancy is still a matter of debate. Reduced dermal production, increased consumption, hemodilution and an altered hepatic DBP production are potential explanations. In light of these influences, it is important to consider the patient's general health status when interpreting vitamin D results.
Autocrine/paracrine physiology of vitamin D
Interest in the role of vitamin D beyond bone health was sparked by the identification of the VDR in diverse cell types unrelated to calcium metabolism, including immune cells (such as macrophages, activated T and B lymphocytes and dendritic cells), enterocytes, myocytes, neurons and glial cells of the central nervous system [2, [58] [59] [60] . Further work has suggested that 1,25-OH 2 D acts as an autocrine or paracrine signaling molecule in these tissues, with a distinct physiology in terms of metabolism, regulation and actions.
1,25-OH 2 D may be synthesized and catabolized locally by most of the cell types expressing VDR. Synthesis is achieved by the expression of the CYP27B1 enzyme, which converts 25-OHD from the systemic circulation into 1,25-OH 2 D [61] . Unlike its expression in the kidneys, CYP27B1 in extra-renal tissues is not influenced by calcemic factors, but instead responds to cell-specific regulatory factors [61] . For example, CYP27B1 expression in macrophages is increased by inflammatory signaling molecules such as interferon-γ and lipopolysaccharide [62, 63] . The expression of CYP27B1 in keratinocytes is similarly up-regulated by inflammatory intermediates, but expression is also controlled by the cell's stage of development [64, 65] .
Extra-renal tissues are also able to catabolize 1,25-OH 2 D locally. This is accomplished by expression of CYP24A1. Exposure to VDR agonists up-regulates the expression of CYP24A1 in these tissues [66] . This provides a mechanism for switching off the autocrine/paracrine 1,25-OH 2 D signal locally and also means that 1,25-OH 2 D produced in these tissues will not contribute to the circulating concentration [67, 68] .
The actions of 1,25-OH 2 D produced in extra-renal tissues are many and diverse. Indeed, vitamin D is involved in the cell-specific regulation of over 200 genes [2, 69] . Examples of genomic 1,25-OH 2 D actions include multiple immune function responses, control of cell proliferation, differentiation and apoptosis, and regulation of both angiogenesis as well as pathways responsible for central nervous system detoxification and anti-oxidation [70] . Additionally, 1,25-OH 2 D may elicit non-genomic cellular actions through VDR located within cell membranes activating a variety of second messengers [70] . This effect has been observed in parathyroid cells, hepatocytes, chondrocytes and epithelial cells [70] [71] [72] [73] [74] .
Assessment of vitamin D status
The many different metabolites of vitamin D vary greatly in their biological activity. Compared to vitamin D3, 1,25-(OH) 2 D 3 is approximately five times more active in regard to intestinal calcium absorption [75, 76] and mobilization of calcium from bone [77, 78] . One important determinant of the biological activity of vitamin D metabolites is their affinity for the VDR. Receptor assays with chicken intestine have shown the highest affinity for 1,25-(OH) 2 D 3 [78] . The affinity of all other metabolites is dramatically lower; for instance, 900 times lower for 25 
25-Hydroxy vitamin D and 1,25-dihydroxy vitamin D
Current guidelines recommend using the serum circulating 25-OHD level, measured by a reliable assay, to evaluate vitamin D status in patients who are at risk for vitamin D deficiency [79] . 25-OHD is the most abundant vitamin D metabolite in the circulation and is considered the best indicator of vitamin D status. There is solid evidence that serum 25-OHD is associated with clinical outcomes, such as bone mineralization, fracture risk, falls risk, all-cause mortality and cardiovascular events [80] [81] [82] [83] [84] . Because of a long half-life of 2-3 weeks, serum levels vary very little within short periods of time. Furthermore, 25-OHD represents the sum of vitamin D intake and dermal production [85] . Serum 25-OHD levels show a significant response to both sun exposure, as evidenced by the seasonal variation of levels, as well as to vitamin D supplementation [81, [86] [87] [88] [89] [90] [91] .
25-OHD may also be the preferred marker of the ability of tissues to produce complete 1,25-OH 2 D autocrine/paracrine vitamin D signals in response to cell-specific stimuli. It is thought that the production of 1,25-OH 2 D in extra-renal tissues is more dependent on the circulating 25-OHD concentration than this process in the kidneys [61] . Measurement of the circulating 1,25-OH 2 D concentration does not provide an alternative marker of the autocrine/paracrine activity of vitamin D because the 1,25-OH 2 D produced by this system does not reach the systemic circulation [68] .
Existing guidelines unanimously recommend against using serum 1,25-(OH) 2 [78, 85, [93] [94] [95] [96] [97] .
On close inspection of the published data, the relationships between 25-OHD and various indices of bone health are relatively weak [98] [99] [100] and not consistent across races [101] . For example, in an observational study of 414 elderly Californian men, serum 25-OHD did not correlate with serum PTH (r = -0.05, p = 0.3) [100] . In the same study, although serum 25-OHD was shown to be significantly associated with BMD at hip and spine, the regression coefficients were rather low (r = 0.0003 for BMD at the hip; r = 0.001 for BMD at the spin). In the MINOS study (881 men aged 19-85 years), biochemical markers of bone turnover and BMD did not correlate with serum 25-OHD in men under 55 years of age [102] .
The relationship between 25-OHD and both bone and cardiovascular outcomes is even weaker for Black Americans than it is for White Americans [103, 104] . In fact, a nested case control study within the prospective Women's Health Initiative Observational Study found that among Black women as serum 25-OHD concentrations increased, so did their risk of fracture [105] . In contrast, the study confirmed the expected inverse relationship between 25-OHD concentration and fracture risk in White women. Studies have also shown differences in the relationship between 25-OHD and PTH in Black compared to White subjects. While Blacks have serum concentrations of 25-OHD approximately 30% lower than Whites [106] [107] [108] , this is not associated with a proportional increase in PTH. When considering individuals with comparable PTH concentrations, serum 25-OHD is again significantly lower in Blacks than in Whites.
Considering the inconsistent data a general screening for vitamin D deficiency is not recommended by current guidelines. Most scientific bodies recommend testing 25-OHD in individuals at risk for vitamin D deficiency including individuals with rickets, osteoporosis, osteomalacia, chronic kidney disease, hepatic failure, malabsorption syndromes, hyperparathyroidism and granuloma-forming disorders [79] . In addition 25-OHD testing is recommended for subjects on medication known to alter vitamin D metabolism (antiepileptics, HIV drugs and antifungals) and older adults with a history of falls and non-traumatic fractures [79] .
Although not yet supported by official guidelines we believe that for persons of African descent separate cutoffs should be adopted as they have a constituently lower 25-OHD concentration due to their lower DBP concentration. There is no evidence that the lower 25-OHD concentration in Blacks is equally associated with an increased risk for bone health than in Whites.
Bioavailable vitamin D, 24,25-dihydroxy vitamin D and vitamin D metabolite ratio
As a response to the limitations of 25-OHD, it has been speculated that other surrogate markers of vitamin D metabolism might better reflect pathophysiology and predict clinical outcome [109, 110] . Some of these markers are illustrated in Figure 1 . One such marker is bioavailable vitamin D (BAVD). BAVD is the fraction of vitamin D that is not bound to DBP and thus can cross the cell membrane where it becomes available for enzymatic conversion into biologically active 1,25-(OH) 2 D 3 or 24,25-(OH) 2 D, the first metabolite in vitamin D catabolism. Although the concept of BAVD was described 30 years ago [109] , its physiological significance is incompletely understood. The main reason for this lack of knowledge is the absence of a reliable method for measurement. Most publications that reported bioavailable vitamin D results used a mathematical approach where bioavailable vitamin D is calculated using 25-OHD, DBP and ALB concentrations. This approach is similar to the estimation of free testosterone. In the Across the Life Span (HANDLS) Study Powe et al. observed comparable concentrations of BAVD in Blacks and Whites despite significant differences in total 25-OHD measured by liquid chromatography tandem mass spectrometry (LC-MS/MS; interassay coefficient of variation CV: 8.6%), a finding largely explained by approximately 50% lower DBP concentrations in Blacks [106] . BAVD was calculated using DBP results obtained by a monoclonal immunoassay from R&D Systems. The study concluded that the race differences in DBP concentration resulted from single nucleotide polymorphisms (SNPs). rs7041 and rs4588 were major determinants of the DBP concentration in serum in their cohort. One allele copy of rs7041 reduced DBP by 189 μg/mL whereas one allele copy of rs4588 increased DBP by approximately 50 μg/mL. However, the monoclonal immunoassay from R&D Systems used in this study appears to be sensitive to DBP polymorphisms [110] . The aforementioned polymorphisms result in protein variants with different affinities to the monoclonal antibodies used in R&D Systems assay. In a more recent study from Henderson et al. DBP was measured with a LC-MS/MS method demonstrated to reliably detect the common DBP variants [110] . With this method, comparable DBP concentrations were measured in Blacks and Whites. In addition, the authors could demonstrate that their assay reliably detects common isoforms. When they compared their assay with the R&D Systems monoclonal immunoassay, slope, intercept and regression coefficients varied substantially between the different DBP genotypes. Two very recent studies confirmed a strong dependence of calculated free 25-OHD results on the assay used for quantitation of DBP in Black individuals [111, 112] . In both studies different polyclonal DBP immunoassays yielded comparable results. However, the monoclonal ELISA from R&D Systems returned substantially lower concentrations. Such discrepancies were not observed in Whites. Considering the variable performance of the different DBP assays, BAVD results are poorly comparable between studies. Therefore, further clinical studies with validated DBP and 25-OHD assays are needed to understand the true potential of BAVD as a biomarker of vitamin D status and metabolism.
While the analysis of protein-based markers of vitamin D status is still problematic due to a number of technical issues, measurement of certain vitamin D metabolites might be an alternative way to improve the assessment of vitamin D metabolism. A vitamin D metabolite that has recently gained much attention is 24,25-OH 2 D, the major product of 25-OHD catabolism. The conversion of 25-OHD into 24,25-OH 2 D is catalyzed by the 24-hydroxylase enzyme (CYP24A1) [44] . Considering there is direct enzymatic conversion of 25-OHD into 24,25-OH 2 D it is not surprising that the concentrations of both compounds are strongly correlated [113] . In contrast to DBP, this correlation is comparable across different races (Blacks: r = 0.86, p < 0.001; Whites: r = 0.90, p < 0.001) [107] . 24,25-OH 2 D possesses some conceptual advantages over DBP, BAVD and 25-OHD. Its serum concentration strongly depends on the availability of 25-OHD and the expression of CYP24A1. CYP24A1 is, at least in part, regulated by VDR [112, 114] [115] . A potential value of VMR in monitoring the effectiveness of vitamin D supplementation has also been shown by others [116] .
From an analytical point of view, 24,25-(OH) 2 D has also some advantages over DBP and BAVD. At present, measurement is only possible with LC-MS/MS based methods. As proteins are typically eliminated during sample preparation the measurement of 24,25-(OH) 2 D by LC-MS/MS is not affected by DBP or other matrix proteins. In addition, the high specificity of LC-MS/MS technology minimizes the problem of cross-reactivity with other, often more abundant, metabolites. However, highly sensitive mass spectrometers are needed for analysis as human serum concentrations of 24,25-(OH) 2 D are in the very low nano-molar range.
The main limitation of 24,25-(OH) 2 D and VMR is the lack of data relating to clinically relevant outcomes, such as BMD, fracture risk, mortality, cardiovascular disease and others. Future studies will have to clarify if the conceptual advantages of 24,25-(OH) 2 D and VMR analysis can be confirmed in various clinical situations.
In conclusion, DBP, BAVD and VMR are promising emerging biomarkers that may provide additional information to 25-OHD in assessing vitamin D status and metabolism. At present, only very few studies have addressed the clinical utility of these biomarkers. When assessing the diagnostic performance of 25-OHD and related metabolites, the variable performance of immunoassays needs to be considered. Diagnostic inferiority of one vitamin D metabolite compared to another may be exclusively due to analytical rather than biological reasons. This is particularly relevant for 25-OHD and DBP. More detailed methodological information about 25-OHD assays and methods for the measurement of related vitamin D metabolites is provided in "Measurement of vitamin D metabolites -analytical aspects". Because of the limited data and the aforementioned technical issues, the use of these emerging markers of vitamin D status in clinical practice is not yet justified. Should future clinical studies confirm a superior diagnostic performance of DBP, BAVD or VMR, or should they provide additional relevant information, it is likely that one or more of these marker will make their way into clinical practice. Further research to confirm and elucidate the basis of these findings could also enhance our understanding of ethnic differences in fracture risk.
Single nucleotide polymorphisms
Sociocultural and lifestyle factors are important determinants of a person's vitamin D status, mainly through their effects on sun exposure and dietary uptake of vitamin D. Seasonal variation, geographical latitude and supplementation are additional factors that impact the serum concentration of 25-OHD. However, a significant fraction of inter-individual variability in serum 25-OHD is not explained by these factors. Epidemiological studies provide robust evidence that genetic factors contribute substantially to an individual's vitamin D status [117] [118] [119] [120] [121] [122] [123] [124] [125] [126] . Differences in the prevalence of vitamin D deficiency among different ethnic groups can be explained at least in part by genetic variants that affect vitamin D metabolism. For example, it has been long recognized that genetic variants of the DBP lead to different phenotypes of the protein with different affinities to 25-OHD and 1,25-(OH) 2 D 3 [120] . Furthermore, genetic polymorphisms of DBP can also alter the protein concentration in blood [106] . This results in significantly different serum 25-OHD concentrations.
Meta-analyses of genome-wide association studies (GWAS) in Europeans have identified single-nucleotide polymorphisms (SNPs) in genes involved in cholesterol synthesis, hydroxylation, and vitamin D transport that affect vitamin D status [117, 118] . The meta-analysis by Wang et al. included GWAS data of 33,996 Europeans from 15 cohorts [118] . The strongest associations were observed for genetic polymorphisms in the following genes: GC (encoding DBP), DHCR7 (encoding 7-dehydrocholesterol reductase) and CYP2R1 (encoding cytochrome P450 family 2, subfamily R, polypeptide 1).
The two most frequently studied variants of the GC gene are the SNPs that change the amino acid sequence of the protein, rs7041 (Asp-Glu) and rs4588 (Thr-Lys) [120, 127, 128] . For example, Lauridsen et al. analysed plasma from 959 postmenopausal women and found that the median concentration of 25-OHD as well as the mean concentration of 1,25-(OH) 2 D 3 differed significantly depending on GC phenotype, being highest in Gc1-1 (CC rs4855; GG rs7041), intermediate in Gc1-2 (CC rs4588; TT rs7041), and lowest in Gc2-2 (AA rs4588; TT rs7041) [120] . In addition, the plasma concentration of DBP is significantly higher in Gc1-1, intermediate in Gc1-2 and lowest in the Gc2-2 phenotype [120] . The Gc phenotypes differ in amino acid sequence and in glycosylation. Gc1 is glycosylated with galactose and sialic acid, whereas Gc2 contains only galactose. Considering the glycosylation pattern, Gc2 is metabolized faster [129] , explaining the lower concentrations of vitamin D in these subjects. The Gc (rs2282679) polymorphism, located within intron 12 and near the Gc (rs4588) polymorphism, showed the strongest association with vitamin D deficiency in the two GWAS meta-analyses by Wang and Ahn [117, 118] . The average serum 25-OHD concentration in individuals with the major homozygous genotype (A:A) and the minor homozygous genotype (C:C) differ by 8-18 nmol/L. The odds of having vitamin D deficiency increases by 61% per copy of the risk allele [118] .
7-Dehydrocholesterol reductase, the gene product of the DHCR7 gene on chromosome 11, converts 7-dehydrocholesterol (primary substrate of vitamin D synthetic pathway) to cholesterol. This reaction determines the availability of 7-dehydrocholesterol for the synthesis of vitamin D. Genetic variants of the DHCR7 gene have also been shown to impact circulating 25-OHD levels [117, 118] . DHCR7(rs12785878), located within intron 2 is the most relevant SNP of the DHCR7 gene. However, the effect on circulating 25-OHD is less pronounced than that of Gc(rs2282679). The average serum 25-OHD concentration in individuals with the major homozygous genotype (A:A) and the minor homozygous genotype (G:G) differs by 4-8 nmol/L. The odds of having vitamin D deficiency increase by 21% per copy of the risk allele [118] .
The GWAS meta-analyses by Wang and Ahn identified the CYP2R1 (rs10741657) polymorphism as another genetic determinant of the serum 25-OHD concentration [117, 118] . This gene encodes a hepatic microsomal enzyme responsible for the 25-hydroxylation of vitamin D in the liver. The G allele is associated with a lower serum 25-OHD concentration. The median serum 25-OHD concentration in G:G carriers is 4-6 nmol/L lower than in A:A carriers.
When the three genetic variants are combined in a genotype score, the odds of having vitamin D deficiency increases by 147% in individuals in the top quartile of this score in comparison to the lowest quartile [118] . Furthermore, the risk of severe vitamin D deficiency (serum 25-OHD < 20 nmol/L) increases by 43%.
The results of the two large meta-analyses are supported by recent studies in Chinese [126] and Afro-Americans [123] . Both studies confirmed the aforementioned SNPs in the GC, CYP2R1, and DHCR7 genes as significant determinants of the serum 25-OHD concentration. However, in African-Americans Batai et al. observed the strongest association for CYP2R1 (rs12794714), while in European-Americans CYP2R1 (rs1993116) was the most relevant determinant. Further detail on the associations between genetic variation in the vitamin D pathway and biochemical outcomes is provided in a review by Jolliffe et al. [119] .
Genetic factors also appear to influence the responsiveness to vitamin D supplementation. Nimitphong et al. reported a lesser increase in serum 25-OHD after 3 months of 400 IU/day vitamin D3 supplementation in individuals with the GC(rs4588) CA or AA alleles when compared to CC homozygous individuals. However, no such difference was found when the supplement was vitamin D2 [130] . The group also found a significant association between variants in the PTH gene promoter and serum 25-OHD concentrations. PTH has a crucial role in the regulation of 1,25-(OH) 2 D, vitamin D production, and PTH gene SNPs have been related to bone growth and development. The T allele of SNP rs1459015 was associated with higher level of 25-OHD in a Sudanese cohort and the T allele of SNP rs10500783 was associated with higher level of 25-OHD in a Saudi Arabian study population [126] .
Finally, results from GWAS, such as the SUNLIGHT study (Study of Underlying Genetic Determinants of Vitamin D and Highly Related Traits) have identified four SNPs significantly associated with 25-OHD level [131] . These SNPs are: rs2282679 in GC, rs12785878 near DHCR7, rs10741657 near CYP2R21, and rs6013897 in CYP24A1. All these SNPs lay in or near genes strongly involved in vitamin D metabolism. Furthermore, all these 25-OHDdecreasing alleles were associated with an increased risk of multiple sclerosis [131] .
The relative difference of mean 25-OHD concentrations between subjects carrying one of the above mentioned polymorphisms and those without, ranges from -6.4% to 34.4% for the rs2282679 (GC); from -16.7% to 0% for rs3829251 (DHCR7); and from 1.5% to 14.4% for rs2060793 (CYP2R1) [117] . Based on pooled data from various cohorts SNPs accounted for 2.8% of the overall variance of the circulating 25-OHD concentration, which is well within the analytical variation for this metabolite thus limiting the clinical significance of SNPs in daily practice. However, in some individuals with particular combinations of SNPs the effect on 25-OHD can be much greater and the assessment of SNPs may help to explain continuously low 25-OHD blood concentrations. Considering that the effects of SNPs on 25-OHD have been studied with different assays that are characterized by a variable analytical performance, questions regarding the relevance of these SNPs for the assessment of patients vitamin D status remain. Therefore, studies on large cohorts using well standardized methods for the measurement of 25-OHD are needed to shed further light on this issue.
Existing data strongly support genetic variants as important determinants of vitamin D metabolism and serum 25(OH) concentrations. The results of numerous GWAS studies have helped to improve our understanding of vitamin D homeostasis and could assist in the identification of individuals at risk of vitamin insufficiency. For example, in view of different serum 25-OHD concentrations but similar bone mineral density in Africans and Caucasians, using the same cut-off for vitamin D deficiency across different ethnic groups may be inappropriate. Furthermore, assessment of relevant SNPs may be useful to adjust treatment in individuals with an insufficient response to vitamin D supplementation.
Measurement of vitamin D metabolites -analytical aspects
The determination of vitamin D metabolites, whether 25-OHD, 1,25-(OH) 2 D, 24,25-(OH) 2 D, "bioavailable" or "free" vitamin D, is a challenging task. This section will provide an overview of the different methods available for the measurement of these metabolites and the major issues that must be addressed to ensure accuracy of measurement.
25-Hydroxy vitamin D determination
25-OHD is currently considered the metabolite most representative of vitamin D status. Unfortunately, assays for 25-OHD determination remain difficult to develop despite recent technological advances [132] . 25-OHD assays need to recognize 25-OHD2 and 25-OHD3. Furthermore, 25-OHD is a very hydrophobic molecule that circulates bound to DBP, ALB and lipoproteins. Prior to detection, 25-OHD needs to be dissociated from its carriers.
As 25-OHD2 and 25-OHD3 have different affinity constants for these carriers, the dissociation step must be highly efficient to obtain an accurate quantification of total 25-OHD. This aspect is particularly important for automated immunoassays where, in contrast to radioimmunoassays (RIA), binding-protein or chromatographic assays, organic solvents cannot be used for extraction. Automated immunoassays need alternative releasing agents, which do not always achieve total dissociation of 25-OHD. Particularly in conditions such as pregnancy, estrogen therapy or renal failure, automated immunoassays often fail to correctly quantify 25-OHD [133] [134] [135] [136] . Another issue with 25-OHD assays is linked to the recovery of the metabolite when exogenous 25-OHD is added in vitro (as in the preparation of a calibration curve). Indeed, it is not clear whether exogenous metabolites bind to all the different carriers in the same proportions as endogenous metabolites. Under-recovery of exogenous 25-OHD has been reported in automated immuoassays [137, 138] and even LC-MS/MS methods [139] .
The different methods available for the quantitation of 25-OHD use either chromatographic separation (HPLC with UV or LCMS/MS detectors), antibodies or bindingproteins. If binding-protein assays have been used in the early eighties and presented clinically acceptable analytical sensitivity and imprecision, they have been superseded by the introduction of novel technologies, either HPLC or polyclonal antibodies. Indeed, the binding-protein methods that were based on the displacement of 3H-labeled 25-OHD, necessitated a chromatographic purification after organic extraction. They were time-consuming and incompatible with the demands on current laboratories.
Radio-immunoassays
RIA were developed in the early eighties. Until recently, they were in routine use in clinical laboratories. By 2015, however, they were used by < 2% of all participants of the Vitamin D External Quality Assessment Scheme (DEQAS). The first commercially available RIA was manufactured by DiaSorin and was based on a method described by Hollis et al. in 1993 [140] . This assay had a limit of detection of 2.8 ng/mL, intra-and inter-assay coefficients of variation of about 6 and 15%, respectively and equimolar recovery not only of 25-OHD2 and 25-OHD3, but also 24,25-OH 2 D, 25,26-OH 2 D and 25-OHD3-26,23 lactone, which are metabolites known to increase after vitamin D supplementation with large doses. Comparison of this RIA with a HPLC/UV method gave the regression equation RIA = 0.87 × HPLC+3.1 [141] .
The DiaSorin RIA method was the most widely used method for both routine diagnostic testing as well as for clinical studies. The traditional 25-OHD cut-offs in use today for vitamin D deficiency (either 20 or 30 ng/mL) have been defined on the bases of studies (and metaanalysis of studies) that predominantly used this assay. However, many of the automated methods used today in clinical laboratories do not agree well with the DiaSorin RIA. Therefore, extrapolation of these cut-offs to other methods is hazardous. This important aspect is not adequately addressed in current clinical guidelines. Hopefully, scientific societies will soon discuss this problem and provide practical guidance how to deal with betweenmethod variability.
Automated immunoassays
The first automated immunoassay for 25-OHD determination was launched in 2001 by Nichols Diagnostics on the Advantage platform. The test was approved by the FDA (510k clearance) on the basis of a Passing-Bablok regression with the DiaSorin RIA of: Nichols = 1.10 × DiaSorin RIA -0.6 with a wide 95% confidence interval of the slope (0.94-1.27). The assay used a competitive ligand binding technique with acridinium-ester labeled anti-DBP. It was later demonstrated that the assay was unable to correctly measure samples containing substantial amounts of 25-OHD2 [132] . Subsequently, most of the major in-vitro diagnostic companies have launched their own methods for 25-OHD determination. The characteristics of these assays, as claimed by the manufacturers, can be found in Table 1 . Most of these methods use a competition design, except the one from Fujirebio on the Lumipulse, which is a non-competitive (sandwich) method based on antimetatype monoclonal antibodies against a haptenantibody immunocomplex using an ex vivo antibody development system, namely the Autonomously Diversifying Library system, a process which has recently been validated [142, 143] .
A large number of studies have evaluated the different automated assays by comparison with RIA, HPLC or, more recently, with LC-MS/MS methods. Conclusions regarding the accuracy of assays have also been based on the results of large external proficiency testing programs, such as DEQAS. The conclusions that can be drawn from these data are unfortunately not totally clear. Indeed, the standardization of the automated assays and the comparator method may differ (see below). Furthermore, differences in the serum matrix between study populations (e.g. healthy subjects, patients with chronic kidney disease, dialysis patients, pregnant women, different ethnic groups, patients in intensive care with fluid shifts) is an important issue that can impact the performance of automated 25-OHD immunoassays. Recently, we have shown good clinical concordance between four different immunoassays and a VDSP-traceable LC-MS/MS method in healthy subjects. However, significantly poorer agreement with the same LC-MS/MS method has been found in other clinical populations [132] .
Assessment of the recovery of different forms of vitamin D (i.e. 25-OHD2, 24,25-OH 2 D, 25,26-OH 2 D, C3-epimers) is another problem when comparing the performance of 25-OHD immunoassays. Experience has shown that many assays show differences in recovery of spiked vs. native samples. Unfortunately, most manufacturers make cross-reactivity claims based on spiked samples. Sometime these claims are very misleading with regard to patient samples. For example, for the Cobas assay Roche claims a recovery of the C3-epimer of 91%. While Roche evaluated C3-epimer recovery on spiked samples, a later study on native samples demonstrated that the assay does not cross-react with this metabolite at all [144] . A hypothesis that may explain this discrepancy is that the partitioning of different moieties in spiked material does not reflect the natural partitioning of these compounds in native samples. Furthermore, the kinetics of the antigen-antibody reaction may be affected by the organic solvent that is used for the spiking experiments.
Standardization of the 25-hydroxy vitamin D assays
Standardization of the different assays is key to achieving comparable results across different methods and manufacturers. Furthermore, assay standardization is of critical importance for the establishment of common clinical cut-offs and their use in routine practice. Applying a common cut-off value on results generated with poorly standardized assays will inevitably lead to inconsistent patient classification and inappropriate therapeutic decisions. The results of DEQAS or the results of recent studies that compared the most commonly used 25-OHD assays [41, 135] , may be viewed in two different ways. The optimistic conclusion is that results are reasonably comparable as the mean difference between the two most discrepant assays is 25%-35% at concentrations between 8 and 30 ng/mL (according to DEQAS results). These findings are similar to, or even better than, other steroid hormones. However, the reference values proposed for other steroids are generally assay-specific which reduces the clinical impact of inter-method variability. 25-OHD results instead are interpreted using the same cut-off regardless of the assay. Thus, the more pessimistic conclusion is that even moderate differences between 25-OHD assays may have relevant diagnostic and therapeutic consequences, as a significant proportion of patients will be misclassified.
In 2010 the Vitamin D Standardization Program (VDSP) was established to improve the standardization of 25-OHD assays. VDSP is a collaborative venture organized by the Office of Dietary Supplements (ODS) of the National Institutes of Health (NIH) and involves the National Institute for Standards and Technology (NIST), the Centers for Disease Control and Prevention (CDC), the DEQAS, the College of American Pathologists (CAP), the American Association for Clinical Chemistry (AACC), the International Federation of Clinical Chemistry and Laboratory Medicine (IFCC), along with national surveys and collaborators around the world [145] . The aim of VDSP is that 25-OHD measurements are accurate and comparable over time, location, and laboratory procedure to the values obtained using reference measurement procedures (RMPs) developed at the NIST [146] and Ghent University [147] . A routine method is considered as standardized if the CV is < 10% and the bias < 5% [148] . A number of different IVD companies and clinical laboratories have already shown that their method is standardized and the list of the standardized methods can be found on the CDC website at the address http://www.cdc.gov/labstandards/ pdf/hs/CDC_Certified_Vitamin_D_Procedures.pdf. Of note this standardization program is focused on 25-OHD3 measurement only.
In December 2015, 18 methods (four university laboratories, six commercial laboratories and eight IVD companies) have been shown to be standardized. Although substantial progress has been made, a range of important issues remain unresolved and need to be addressed in the future. These issues include standardization of 25-OHD2 detection and standardization of assay performance on samples from diseased patients or subjects from different ethnic groups. Finally, consideration needs to be given to whether the traditional vitamin D deficiency cut-off, based on the non-standardized DiaSorin RIA, needs to be adjusted for those assays that are VDSP-standardized. Unless otherwise specified, the characteristics of the commercial assays are derived from the information given in the respective inserts. Concentration tested not reported. Recovery refers to the % of the exogenously added 25OHD3 (nmol/L) before extraction recovered at completion of the assay. RIA, radio immnuno assay; EIA, enzyme-linked immuno assay; CLIA, chemi luminescent immuno assay; CBPA, competitive binding-protein assay; S, serum; P, plasma; LOQ, lower limit of quantification defined as a measure with a CV < 20%; LOD, lower limit of detection defined as the lowest concentration that can be defined with a confidence of 95%; NR, not reported; CV, coefficient of variation at the lowest concentration tested. EtOH, ethanol; 3H-25OHD2, [23,24( 
Free and bioavailable vitamin D
Approximately 99% of 25-OHD is transported in the circulation bound to binding proteins, mostly to DBP and, to a lesser extent, ALB. Free 25-OHD is defined as circulating 25-OHD bound to neither DBP nor ALB. Bioavailable 25-OHD is defined as the free plus ALB-bound forms. These concepts are not new since they were described in 1989 [149] . However, they have been recently put under the spotlight in different publications dealing with the free hormone hypothesis [150] , the difference in DBP concentrations in Whites and Blacks [106] (even if this has recently been challenged [151] and the better association of free or bioavailable vitamin D with mineral parameters, compared to total 25-OHD in postmenopausal women [152] or hemodialysed patients [153] . Free vitamin D can be estimated with a formula, derived from the Vermeulen formula [154] , that takes into account 25-OHD, DBP and ALB levels together with their affinity constants [155] : free 25-OHD = total 25-OHD/[1+(6 × 103 × ALB)+(7 × 108 × DBP)].
Use of this formula is not free from criticism. It has not been validated against a reference method, results will be dependent on the 25-OHD assay used and matrix effects can significantly impact the results in particular populations [156] . Caution therefore needs to be taken when interpreting the results of such a formula. An ELISA kit commercialized by Diasource is also available to determine free or bioavailable 25-OHD. The first version of the assay was withdrawn from the market due to sensitivity and reproducibility problems. A second version was recently been made available with improved precision (personal communication, unpublished data) but the lack of a reference method and the very low concentrations of free and bioavailable vitamin D remain clear limitations.
1,25-(OH) 2 D and 24,25-(OH) 2 D Immunoassays
The first assays for the determination of 1,25-(OH) 2 D were developed in the early 1970s. They were based on the isolation of a protein from rachitic chick intestinal mucosa (later identified as being the VDR) and a competition for this receptor between 1,25-(OH) 2 [3H]D 3 and the patient's endogenous 1,25-(OH) 2 D extracted with organic solvents [157] [158] [159] . These assays required laborious extraction of the receptor and chromatographic separation prior to measurement. Furthermore, these assays required a substantial sample volume, typically 5-20 mL. The sensitivity of these assays was up to 10 pg per tube, but no 1,25-(OH) 2 D was detected in the plasma of nephrectomized subjects and end-stage renal failure patients [160] . Subsequently, RIA methods using rabbit antibodies, chromatographic separation and 1,25-(OH) 2 [3H]D 3 were described [161, 162] . Such methods had a sensitivity of 2 pg per tube, an inter-assay CV of 12.6% and required 1.5 mL of serum. With these assays 1,25-(OH) 2 D could be detected in endstage renal failure patients, for example, in 67 hemodialysis patients a mean 1,25-OH 2 D concentration of 18.7±6.4 ng/L was reported [161] . The first RIA using 125I-labeled 1,25-(OH) 2 D was developed and commercialized in 1996 [163] . This assay used an acetonitrile extraction followed by solid phase chromatography, required 500-750 μL of serum and had a sensitivity of 2.4 pg/mL. The imprecision ranged between 12 and 20%. With this method, the mean 1,25-(OH) 2 D concentration in hemodialysed patients was 9.3±3.4 pg/mL. The latest evolution in RIA assays has been developed by IDS with the use of antibody bound mini-immunocapsules that capture 1,25-(OH) 2 D after sample delipidation. In 2007 the same company launched an ELISA that apparently demonstrated good sensitivity [164] . In the last 2 years, IDS and DiaSorin have commercialized automated methods for the measurement of 1,25-(OH) 2 D on the iSYS and Liaison XL platforms, respectively. The first version of the IDS method is a semi-automated method that uses an offline extraction of the immunecapsules and determination on the iSYS instrument in a competitive fashion using an acridinium ester derivative [165] . A few months later, the company launched a fully automated version of their assay [166] . The first independent validation studies of these methods revealed an underestimation when compared to the IDS RIA and an under-recovery of 1,25-(OH) 2 D 2 . However, according to the investigators the results obtained with these automated methods compare well to LC-MS/MS-MS methods and ALTM in the DEQAS program.
Concurrently, DiaSorin launched a fully automated 1,25-(OH) 2 D assay on the Liaison XL platform that uses a recombinant fusion protein to capture 1,25-(OH) 2 D and a murine monoclonal antibody that specifically recognizes the complex formed by the recombinant fusion protein and 1,25-(OH) 2 D. This elegant assay has a CV of about 5%, performance superior to two LCMS/MS methods [167] . A clinical evaluation of this assay has also shown that it gives the expected variations in patients compared to "normal" values obtained in an extensive reference population [168] . These automated assays are, however, quite new and we lack an extensive evaluation of their performance in daily practice.
LC-MS/MS methods
Despite the great advances that have recently occurred in terms of separation techniques, together with an improvement of the sensitivity in mass spectrometry detectors, absolute quantification of the main dihydroxylated metabolites of vitamin D still remains a challenge.
The first LC-MS/MS methodology able to quantify both 24,25-(OH) 2 D and 1,25-(OH) 2 D, including vitamin D2, vitamin D3 and 25-OHD 3 in human plasma, was described by Watson et al. in 1991 [169] . However, this method lacked sensitivity and thus was not feasible for use in clinical practice. The first LC-MS/MS method with clinically useful limits of quantification (LOQ) was described almost 20 years later by Duan et al. [170] , with validated LOQs for 1,25-(OH) 2 D 3 and 24,25-(OH) 2 D 3 of 5 pg/mL and 50 pg/mL, respectively.
The first important issue that has to be addressed when dealing with these vitamin D metabolites is to accurately select the species to be measured. [172] . Another drawback is that half-life for 24,25-(OH) 2 D is approximately 7 days but circulating 1,25-(OH) 2 D has a very short half-life of 4 h only [173] . The low concentrations of these analytes force laboratories to buy instruments with the highest sensitivity.
However, the main challenges faced when measuring 24R,25-(OH) 2 D 3 and 1α,25-(OH) 2 D with mass spectrometry are the occurrence of interferences and a low ionization efficiency. Isobaric interferences are common in mass spectrometry, especially when using triple quadrupoles in selected reaction monitoring (SRM) mode for quantification. They arise from ions possessing the same nominal mass as the ion of interest and lead to incorrect quantification as triple quadrupole mass spectrometers resolve ions in mass units. To avoid isobaric interferences, chromatographic separation of these compounds prior to mass spectrometry is mandatory. For example, 1α,25-(OH) 2 D and 24R,25-(OH) 2 D share the same transitions in the mass spectrometer because they differ only in the position of one hydroxyl group. Consequently, when co-eluted they can interfere with each other. Another potential interference is the occurrence of the epimeric forms 1α,25-(OH) 2 -3-epi-D 3 and 24,25-(OH) 2 -3-epi-D 3 [174] , which need to be separated by chromatography. An extensive list of potentially interfering compounds can be consulted in the Supplementary Information of the work of Duan et al. [170] . Recently, it has been observed that some lubricants used in LC-MS instruments can also hamper an accurate quantification of some monohydroxylated compounds including 25-OHD as they can share the same transitions. However, no studies have been performed for the dihydroxylated compounds 1α,25-OH 2 D and 24R,25-OH 2 D.
Most of the interferences described above are due to the fact that when using electrospray ionization (ESI), the most sensitive transition is an unspecific water loss. If one sample contains two different hydroxylated compounds with the same molecular weight but different molecular formula, they will usually produce the same transition via a water loss. Strategies to differentiate these molecules are chromatographic separation prior to mass spectrometry or the selection of another specific fragment that is not the result of a water loss. Another type of interference arises from the difficulty in differentiating the loss of an ammonia moiety (NH4·) or water in the ion source as both share the same molecular weight of 18 g/mol. Consequently, resolution of these interferences can only be achieved by exact mass instruments such as time of flight (Q-TOF) or Orbitrap mass spectrometers. Nowadays, the most advanced separation technique for the determination of selected hydroxylated compounds, alone or in combination, is ultra-high pressure liquid chromatography with C18 columns (UHPLC) [175] [176] [177] [178] [179] [180] . Chiral columns have also been proposed for the separation of these compounds in shorter time-frames [174, 181] . Two-dimensional UHPLC (2D-LC) with column switching systems [182, 183] has also been tested, but the sophisticated configuration of a 2D-LC is rather difficult to set up. Another possibility is to use micro-flow UHPLC [170] with flow rates of 1-10 μL/min. However, such slow flow rates tend to be unstable. When measuring 1α,25-OH 2 D and 24R,25-OH 2 D by LC-MS/MS the preferred ionization technique is positive electrospray ionization (ESI+) due to its superior sensitivity compared to atmospheric pressure chemical ionization (APCI) [173, 180] .
In many of the published LC-MS/MS methods the poor ionization of hydroxylated vitamin D metabolites, and resulting low sensitivity in the mass spectrometer, is addressed by derivatization with a Cookson-type reagent. Via a Diels-Alders reaction selective to dienes, the ionization can be improved 100-to 1000-fold by resonance after the addition of crown ether complexes. Such a derivatization can overcome the main problems related to the measurement of vitamin D metabolites: a very low analyte concentration, thermal instability and low polarity of the target compounds. The most common Cooksontype reagent is PTAD [171, [175] [176] [177] [179] [180] [181] [182] [183] [184] [185] [186] [187] [188] [189] [190] [191] [192] [193] [194] , but other similar reactants such as MBOTAD [187] , DMEQ-TAD [188] or DAPTAD [168, 188, 190] have also been tested. Today, the commercial Amplifex Diene from ABSciex is increasingly used [191, 192] since it provides better sensitivity compared to PTAD. For example, when determining 1,25-(OH) 2 D with a method that the uses the Amplifex Diene from ABSciex for derivatization the signal-to-noise ratio increases 10-fold compared to PTAD. This improvement is mainly achieved through a quaternary amine moiety [191] .
Another, much simpler, approach to increase sensitivity when measuring hydroxylated vitamin D metabolites present at low concentrations is the addition of mobile phase modifiers. For example, Casetta et al. promoted the addition of 0.5 mM lithium acetate to the mobile phase, which results in the formation of Li-adducts that can be detected by tandem mass spectrometers with high sensitivity [182, 186] . However, without derivatization, the LOQ for the measurement of 1,25-(OH) 2 D is still too high for clinical use (around 15 pg/mL). Another option is the addition of methylamine in order to increase the ionization efficiency after derivatization with PTAD [175] .
In order to mitigate the described problems, it is almost mandatory to perform a thorough sample clean-up. The vast majority of sample pre-treatments described in the literature are based on protein precipitation, followed by solid phase extraction (SPE) with OASIS HLB cartridges and derivatization with a Cookson-type reagent [170, 175, 185, 188] . Liquid-liquid extraction (LLE) is another option that is significantly cheaper due to the low cost of solvents compared to SPE cartridges. However, SPE is preferred over LLE as it is faster, more precise and provides cleaner extracts. Another alternative is selective SPE immunoextraction followed by PTAD derivatization [193] . With this approach a very low LOQ of 1.5 pg/mL can be achieved, but the total sample pre-treatment time is 36 h. A method published by Yuan et al. employs SPE immunoextraction without derivatization. With this approach total sample pre-treatment time is significantly shorter, however the LOQ for 1,25-(OH) 2 D is 3.4 pg/mL [187] . Recently, selective extraction by supported liquid-liquid extraction (SLE) has been proposed as a further improvement by Biotage Applications [194] . This technique is based on the use of a diatomaceous earth as a stationary vehicle for the aqueous phase of the LLE procedure and the subsequent elution of compounds with organic solvents. Compared with LLE, SLE offers the advantages of an equivalent, or more efficient, extraction, no emulsion formation, easy automation, as well as reduction of organic solvent consumption and glassware. Additionally, there is no need to equilibrate or wash the cartridges containing the stationary phase as in routine SPE extraction. From a routine clinical laboratory's point-of-view, automation of all the sample treatment steps is almost mandatory, because of the high workload [195, 196] .
Sample volume is a key issue when designing a sample pre-treatment procedure. For example, the candidate reference procedure recently proposed by Tai and Nelson will be difficult to apply in routine laboratories, since it requires 2 g of serum [197] . Any reduction in sample volume has to be balanced with the need to assure sample homogeneity. A sample volume between 100 and 250 μL is probably a reasonable compromise. Interestingly, for dihydroxy metabolites, the lowest LOQs are achieved with plasma whereas monohydroxylates are quantified more easily in serum [198] . Furthermore, sample pre-treatment with SPE results in lower LOQs than classical deproteinization.
Finally, taking into account the complexity and variability of plasma and serum samples, it is necessary to add isotopically labeled internal standards (IL-IS) for each analyte at the beginning of the sample pre-treatment procedure. The use of IL-IS enables compensation for matrix effects, variability during sample treatment and any fluctuation of the instrument signal. This method is called isotope dilution mass spectrometry (IDMS) and is known to yield the most accurate, precise and reliable results. It is worth pointing out that the development of an extraction procedure based on IDMS requires, firstly, quantitative extraction of the analyte species and, secondly, complete isotope equilibration in the liquid phase between the endogenous and isotopically added enriched species. Although this is usually a problem related to sample pretreatment of solid samples, complex liquid matrices, such as serum or plasma, can also be affected, since the added standards are not linked to the matrix in the same way as endogenous compounds [139] . Most current methods for the quantification of 1,25-(OH) 2 D and 24,25-(OH) 2 D use d6-1,25-(OH) 2 D 3 as internal standard for both compounds. However, the lack of a specific isotopic analog for 24,25-(OH) 2 D results in a slightly higher imprecision and, in some cases, underestimation of 24,25-(OH) 2 D [178] . In 2014, d6-24,25-(OH) 2 D 3 became available and should be used as IL-IS in all future studies where 24,25-(OH) 2 D is measured by LC-MS/MS [178] .
It can be expected that future LC-MS/MS methods for the simultaneous determination 24,25-(OH) 2 D and 1,25-(OH) 2 D will employ online automated sample pretreatment without any derivatization step. However, when instrument sensitivity is insufficient to reach the desired LOQ, a less extensive sample clean-up with a subsequent Cookson-type reagent based derivatization step is the best option. Another derivatization reagent has been also proposed in a patent from DH Technologies Singapore, in which a reactant permits a specific carboxyl (CO) loss instead of the common water loss [199] . Regarding chromatography, UHPLC with C18 columns is the most convenient and user friendly system. Recently, another separation technique based on the use of CO2 as mobile phase, known as supercritical fluid chromatography (SFC), has been proposed as another approach that promises superior separation of the compounds of interest compared with traditional reverse phase columns [200] . However, this system is still very uncommon even in research laboratories due to its technical difficulty.
Practical implications of analytical uncertainty
The lack of standardization of the measurement of 25-OHD and other vitamin D metabolites causes substantial analytical uncertainty, which has to be taken into consideration when reading epidemiological studies and interpreting individual patient results. Many of the studies that have been taken into consideration for the setting of the common 75 nmol/L cut-off have been performed with the Diasorin RIA. Therefore, when applying this cut-off across assays they should all be traceable to the Diasorin RIA. Otherwise, the validity of this cut-off is limited and review is needed. From our point of view, the application of a common cut-off for 25-OHD across different assays is inappropriate because by the end of 2015 EQA programs showed that assays from different manufacturers can differ by more than 100%. When using a common cut-off such discrepancies have major clinical implications as patient classification is strongly assay dependent. Therefore, current guidelines should be reviewed with a focus on analytical uncertainty. We believe that manufacturers should provide an alternative assay specific cut-off based on the long term bias of their assay in EQA programs or large studies with a sufficient number of samples containing a 25-OHD concentration around the 75 nmol/L cut-off.
In addition to assay specific cut-offs, racial differences should also be considered. The significantly lower 25-OHD concentration in Blacks compared to Whites without significant differences in PTH is the best argument for such differential cut-offs. In view of the variable performance of 25-OHD assays and uncertainties about the validity of a common cut-off, one might ask if the substantial increase in 25-OHD testing is justified. Our long term experience with a thoroughly validated commercial LC-MS/MS method from RECIPE, which performs excellently in the EQA scheme from the Royal College of Pathologists of Australasia, demonstrates average 25-OHD concentrations in the insufficient range across all age groups, with lowest values in children and adolescent. Considering the physiological consequences of an insufficient supply of vitamin D for growth, bone mass accrual, fracture risk and muscle function, limiting vitamin D testing to specific groups is hard to achieve practically and ethically questionable.
Conclusions
The assessment of vitamin D status is a changing landscape. Although 25-OHD is still recommended as the marker of choice by virtually all scientific bodies growing evidence indicates significant limitations that hamper the utility of this analyte in clinical practice. Issues related to the use of 25-OHD include analytical aspects and the interpretation of results. While in normal individuals the agreement of results generated with automated assays is improving, comparibility of results in distinct populations, such as children, pregnant women, hemodialysis patients or intensive care patients, remains problematic. The lack of assay standardization hampers the use of a common cut-off for 25-OHD. Furthermore, the cut-offs used today are based on studies that measured 25-OHD with a non-standardized assay that does not compare well with many of the current methods. Therefore, scientific bodies urgently need to review their recommendations regarding the use of a common cut-off across different methods and different ethnic groups. The relationships between 25-OHD and various clinical indices are rather weak and not consistent across races. Recent studies have provided new insights in physiological and analytical aspects of vitamin D that may change the way how we will assess vitamin D status in the future. The VMR (25-OHD/24,25-OH 2 D ratio), 'free' and 'bioavailable' vitamin D are all interesting markers that have expanded our knowledge about vitamin D metabolism. However, a range of unresolved analytical issues limit the use of these markers in daily practice. It can be expected that some of these limitations will be overcome in the near future so that these analytes may be considered for routine use (at least in specialized centers). It has also emerged that genetic variants are important determinants of vitamin D metabolism and serum 25-OH concentrations. Assessment of SNPs in the genes of DBP, 7-dehydrocholesterol reductase and VDR can assist in the identification of individuals at risk of vitamin D insufficiency and may be useful to adjust treatment in individuals with an insufficient response to vitamin D supplementation.
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